Growth (assessed from intermolt period and molt increment) and metabolism (oxygen consumption) of juvenile and adult Thysanoessa longipes from central Japan Sea were determined at eight different temperatures ranging from 0 to 14 C. The intermolt period shortened progressively as temperature increased from 0 to 14 C. The molt increment was not assessed satisfactorily in the rearing experiments, and therefore this was estimated from the natural growth curve and habitat temperature, combined with laboratory-obtained intermolt data. Oxygen consumption rates increased exponentially from 0 to 8 C and then leveled off. From these results, the growth was expressed as a function of temperature and body size and metabolism as a function of temperature. Because of the differential effects of temperature on growth and metabolism, the net growth efficiency [NGE: 100 Â growth/(growth + metabolism)] changed with temperature. The temperature at which T. longipes attained maximum NGE varied from 0 to 8 C, depending on the body length of specimens of 5, 10, 15 and 20 mm. The present results are compared with our previous data on Euphausia pacifica in relation to the body composition and habitat usage of these two trophically important species in the food web of the Japan Sea.
I N T R O D U C T I O N
The euphausiid Thysanoessa longipes Brandt is distributed over the subarctic Pacific Ocean and its marginal seas, including the Bering, Okhotsk and Japan Seas (Brinton et al., 2000) . In the Japan Sea, T. longipes is the most dominant species by weight in the northern and central regions, while Euphausia pacifica, another dominant euphausiid, is relatively abundant throughout the Japan Sea (Ponomareva, 1966) . Thysanoessa longipes is considered as omnivorous (Nemoto, 1966; Mauchline and Fisher, 1969) and an important food source of many fishes in the Japan Sea (Fukataki, 1967 (Fukataki, , 1969 Kooka et al., 1998) . According to N. Iguchi and T. Ikeda (Iguchi and Ikeda, 2004) , around the Yamato Rise, central Japan Sea, T. longipes spawns in April to May. Growth in terms of body length fits well to the von Bertalanffy growth equation, with the estimated life span for males and females being 3 years. Females attained a larger body size than males and reach maturity in their second year. The peaks of abundance of the total population were often found <300 m depth, and there is a clear trend of larger specimens occurring at deeper levels than smaller specimens, as deep as 1000 m.
For E. pacifica in the Japan Sea, effects of temperature on growth and metabolism (oxygen consumption rate) have been determined (Iguchi and Ikeda, 1995) as well as the net growth efficiency (NGE) [100 Â growth/(growth + metabolism)]. However, the metabolism of T. longipes has never been investigated despite the possible trophic importance of this species in the pelagic ecosystem of the Japan Sea. Although laboratory determination of the metabolismtemperature relationship might appear straightforward methodologically, the growth-temperature relationship is often difficult to obtain because of the lack of standard rearing techniques. To overcome this problem, Iguchi and Ikeda (Iguchi and Ikeda, 1995) separated euphausiid growth into two components: intermolt period (IP) and molt increment (MI) (the increase in body length at each molt). According to their observations, the IP of E. pacifica is temperature sensitive, but the MI is not. Therefore, IPtemperature relationships established in laboratory experiments could be used to obtain an estimate of MIs using natural growth curve and habitat temperature (Ikeda, 1991; Iguchi and Ikeda, 1995) . A similar combination of IP with MIs has been previously adopted for the analysis of growth increment and generation length in Euphausia superba (Mauchline, 1980; Ikeda, 1984) .
In this study, we conducted laboratory experiments on T. longipes for the first time and combined the data with field data (N. Iguchi and T. Ikeda, 2004) to determine the metabolic and growth rates at various temperatures and calculated the NGE using the same method as that used for the study of E. pacifica (Iguchi and Ikeda, 1995) . The elemental composition (C, H, N) and water and ash content of T. longipes were also determined. The results obtained for T. longipes were compared with the literary data available for E. pacifica (Iguchi et al., 1993; Iguchi and Ikeda, 1995) .
M E T H O D Body allometry and elemental composition
Thysanoessa longipes ( juveniles and adults) were collected with bongo nets (0.5 mm mesh) or NORPAC nets (0.33 mm mesh) in January, April, June and October 1997 and July 1998 in the Yamato Rise region (39 00 0 N, 135 00 0 E) of the central part of the Japan Sea. Body length (BL: from the posterior margin of the eye notch to the terminus of the sixth abdominal segment) and sixth abdominal segment length (AL6) of freshly collected juvenile and adult (males and females) specimens were measured under a dissecting microscope. No separation of the data by sex was attempted for body allometry. However, for the elemental composition analysis, juveniles and adult females were separated into two size classes each: <10 mm and 10 to <20 mm BL for the former and 10 to <20 mm and >20 mm BL for the latter. Adult females with attached spermatophores were treated as a separate class. Adult males were allocated to one class (10 to <20 mm BL). Onboard the ship, individual specimens were rinsed briefly with a small amount of distilled water, blotted on filter papers and frozen individually (less than À20 C). After returning to the laboratory, we measured the wet weights (WW) of frozen specimens, and the dry weights (DW) were determined following freeze drying. The dried specimens were pooled by developmental stage or size classes and then ground into a fine powder with a ceramic mortar and pestle. Carbon (C), hydrogen (H) and nitrogen (N) content was measured with an elemental analyser (Yanaco CHN Corder MT-5) using antipyrine as a standard. A weighed fraction of each powdered sample was incinerated at 480 C for 5 h and re-weighed for ash determination. All measurements were made in duplicate (elemental composition) or triplicate (ash) for each sample. From replicate determinations of the same sample, the precision (the coefficient of variation, %) of these analyses was 1% for C, 3% for H, 10% for N and 14% for ash.
Metabolism
Live specimens for metabolism and growth experiments were obtained from oblique hauls with fish-larvae nets (0.5 mm mesh) or bongo nets in the northeastern region of the Yamato Rise. Collections of live specimens were made during nighttime, and those collected in June 1997 were used for the shipboard oxygen consumption experiments. Seawater collected from 250 m depth with Niskin bottles at the time of zooplankton sampling was used for the experiments. Oxygen consumption rates were measured by the oxygen electrode method (Omori and Ikeda, 1984) , using a YSI oxygen monitor system. A specimen was incubated in the standard cell (capacity 7.9 mL) filled with well-oxygenated GF/F filtered seawater. The experiment was run for 8-10 min in the dark at 1, 2, 4, 6, 8, 10, 12 and 14 C. These temperatures were selected to reflect the range which T. longipes encounters in the Japan Sea (<1 to 8 C; N. Iguchi and T. Ikeda, 2004 ). Prior to the experiment, the specimens were acclimated to each temperature for 6-16 h. After measurements, the specimens were kept frozen (less than À20 C) for later measurements of DWs. Oxygen consumption (R:
) data were normalized as specific oxygen consumption (R adj ) of the specimens weighing 1 mg DW, dividing by mg DW 0.81 after Ross (Ross, 1982a) to account for the effects of different specimen sizes. A number of experimental conditions are known to affect the result of the determination of metabolic rate of zooplankton (Ikeda et al., 2000) . However, we made no further adjustments because of the difficulty compensating for these effects completely.
Growth
Live specimens collected with fish-larvae nets or bongo nets around the Yamato Rise in July 1998 were kept at 1-5 C and transported to the laboratory for growth experiments. Collections were made during the same season as for the metabolism experiment, but in a different year. Growth in length (G L ) of T. longipes was separated into two components: IP and MI (i.e. G L = MI/IP). Live specimens were isolated individually into 2 L glass bottles filled with seawater and were reared in continuous dark conditions to determine IP and MI. Since no data on the suitability of diets for rearing T. longipes are available in the literature, we tentatively provided the diatom Phaeodactylum tricornutum as food at first, but they showed no feeding activity. Then, a diet of newly hatched Artemia nauplii (Bio-Marine, Inc.) was provided in excess and a microalga Isochrysis sp. was also given about fortnightly as a supplement. Experiments were run at 0, 2, 4, 6, 8, 10, 12 and 14 C, and the bottles were examined every morning for molts. Molts, when found, were removed using a pipette, and the sixth abdominal segment length (AL6) of the molt was measured under a dissecting microscope. Euphausiids were maintained to a maximum of 94 days.
R E S U L T S Body allometry
The BL range of specimens ( juveniles, males and females) used to establish the allometric relationships 
Elemental composition
From the data summarized in TableI, smaller juveniles (<10 mm BL) and larger adult females (>20 mm BL) were found to exhibit a marked seasonal variation in C and C/N; however, the seasonal patterns were not consistent between these two groups. Samples were available for all developmental stages only for January and October Water contents were determined on individual specimens and the other components for pooled specimens. Mean AE SD. ND, not determined.
N. IGUCHI AND T. IKEDA j TEMPERATURE AND GROWTH EFFICIENCY OF T. LONGIPES
1997 and July 1998, except for adult females with spermatophores. First, this data set for elemental composition and ash content was analysed using a two-way ANOVA, with season and developmental stage as the two factors; however, there was no significant difference (P > 0.1). Then, excluding the data for adult females with spermatophores, tests for differences in all data pooled seasonally showed no significant variations (ANOVA, P > 0.05), regardless of the developmental stage or size. Similarly, the differences between classes regardless of season were not significant (ANOVA, P > 0.05). From these results, the grand means were calculated as 50.9% for C, 8.1% for H, 8.6% for N, 9.4% for ash, 69.8% for water and 6.0 for C/N.
Oxygen consumption versus temperature
R adj increased exponentially with the increase in temperature up to 8 C, and beyond 8 C the R adj decreased progressively (Fig. 1) . Using the 1-8 C data, we established the relationship between R adj and temperature (T, C): R was converted to units of carbon (mg, R C ) assuming protein metabolism (RQ = 0.97; Gnaiger, 1983) , producing:
where 12/22.4 is the carbon mass in 1 mol of CO 2 and 24 is the number of hours in a day.
Intermolt period versus temperature
Throughout the experiments, 3-16 molts were obtained from each individual. The IPs recorded at each experimental temperature were plotted against the pre-molt BL of the specimens (Fig. 2) . From the scatter diagram in Fig. 2 , it is seen that longer IPs are associated with specimens of greater BL and those maintained at lower temperatures. While specimens were able to live and molted at temperatures up to 14 C, oxygen consumption-temperature data showed no further increase beyond 8
C. In addition, the natural temperature range for T. longipes is <10 C in the Japan Sea (N. Iguchi and T. Ikeda, 2004) . From these results, the analysis of the relationship between IP and temperature was made for the 0-8 C data, excluding the 10-14 C data. Regression equations of IP on pre-molt BL at 0-8 C showed that the slope (a) increased and that the intercept (b) decreased consistently with increasing temperature (T ) (TableII). The 95% confidence interval (CI) of the value of a for the regression lines at each temperature did not always overlap each other unlike with E. pacifica (Iguchi and Ikeda, 1995) ; thus, a mean a was not determined. Further regression analysis of a revealed a significant correlation with T (r = À0.939, n = 5), i.e. log 10 a = 0.0451T -1.8765 (Fig. 3) . Regression equations were recalculated adopting this a, allowing the relationship between resulting intercepts (b 0 ) and temperature (T ) to be established (b 0 = À0.0888T + 1.1313, r = À0.999, n = 5) (Fig. 3) . From these results, IP was expressed as a function of T and BL: JOURNAL OF PLANKTON RESEARCH j VOLUME 27 j NUMBER 1 j PAGES 1-10 j 2005 almost no growth, the MI data obtained from laboratory-reared specimens cannot be used for a growth analysis of T. longipes.
On the premise that MI is independent of temperature (Gaudy and Guerin, 1979; Ikeda, 1990; Iguchi and Ikeda, 1995) , MI estimates can be resolved from the natural population growth in BL (G L , mm) and the observed habitat temperature, combined with equation (4) of this study (MI = G L Â IP). For the population of T. longipes in the Japan Sea, natural growth has been shown to be best expressed by von Bertalanffy function:
ÀkðtÀt 0 Þ Þ, where BL t is BL at time t days (starting 1 January of the year in which the +0 year cohort occurred), BL 1 is the hypothetical asymptotic 
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BL, K is the growth factor and t 0 is the time from which the growth starts (N. Iguchi and T. Ikeda, 2004) . The differential form of the von Bertalanffy equation is (Kaufmann, 1981) : 
IP change with temperature as detailed above, and T. longipes growing under the temperature of 2.3 C in the Japan Sea is adopted (observed habitat temperature integrated over one life cycle; N. Iguchi and T. Ikeda, 2004) .
G L was converted to DW using equation (2), multiplied by 0.51 and expressed in carbon units (G C ) (TableI).
Net growth efficiency versus temperature NGE, which was described as K 2 by Ivlev (1945) [=100 Â growth/(growth + metabolism) of T. longipes], was calculated as daily budgets for the specimens of 5, 10 and 15 mm BL for males and 5, 10, 15 and 20 mm BL for females at 1 C increments between À2 and 8 C (Fig. 4) . The calculation was based on G C (growth) and R C (metabolism) derived from equations (5) and (3) respectively. Cumulative G C and R C were computed for a specimen growing from each BL to the next molt. In these calculations, the amount of carbon associated with the cast molts was ignored because of its minor contribution to the lifetime carbon budget of E. pacifica (5% of the sum of assimilated carbon; Ross, 1982a) . Further, the fraction of carbon in each molt is known to be proportional to the body size, not to temperature in E. pacifica (Ross, 1982b) . Carbon invested in reproduction was not considered in this calculation, since little is known of the effect of temperature on the reproduction of T. longipes.
Within the temperature range of À2 to 8 C, NGE was the greatest for the smallest BL size (5 mm BL) and then decreased with increasing BL from 15 to 20 mm (Fig. 4) . As a common pattern, NGE curves were highly skewed to lower temperatures. Within each BL size, the pattern of NGE with the increase of temperature was different; the temperatures yielding the maximum NGE were 8 C for the 5 mm BL (NGE = 46.0% for males and 48.0% for females), 6 C for the 10 mm BL (NGE = 25.6 and 34.2%), 
D I S C U S S I O N
In the present experiments, both juvenile and adult T. longipes were readily found to consume Artemia nauplii, although a number of specimens did not grow or had a decreased BL regardless of size. These results contrast with those of previous workers who demonstrated that Artemia nauplii are an effective alternative artificial diet facilitating the growth of euphausiids (except for large adults) such as E. pacifica, Meganyctiphanes norvegica, Thysanoessa raschii and Thysanoessa inermis in laboratory experiments (Lasker, 1966; Fowler et al., 1971; Sameoto, 1976) . Shrinkage in body length has also often been observed in other rearing experiments on euphausiids (Dalpadado and Ikeda, 1989; Nicol, 2000) . Within Thysanoessa euphausiids, T. longipes is somewhat different from T. raschii and T. inermis in that T. longipes has elongated, well-developed second thoracic legs and bilobed eyes (Boden et al., 1955) . In addition, T. longipes is an offshore species and their vertical distribution is often in the mesopelagic layers in central Japan Sea (N. Iguchi and T. Ikeda, 2004) , while T. raschii and T. inermis inhabit neritic waters (Brinton et al., 2000) . The most probable cause for zero growth is the diet, but hydrostatic pressure or physical injury such as broken elongated second thoracic legs is also a possible cause.
While the nutritional inadequacy of an Artemia nauplii and Isochrysis sp. mixed diet for T. longipes is difficult to evaluate at present, this may affect the validity of the IP data obtained in this study. Decreased MIs concurrent with increased IPs have been observed in E. superba at unsaturated feeding concentrations (Ikeda and Thomas, 1987) . However, the provision of dietary supplements (e.g. Artemia nauplii) did not affect the IPs of various euphausiids reared with natural seawater ( Jerde and Lasker, 1966) . Evidence is too conflicting to generalize the effects of feeding conditions on the IPs of crustaceans (Hartnoll, 1982) . Sameoto (Sameoto, 1976 ) determined the IP of T. inermis reared in the laboratory. Comparing Sameoto's IP data (10.8 days) at 5 C of T. inermis weighing 3.5 mg DW (=9.4 mm of T. longipes), it was found that our IP-BL-T relationship of T. longipes predicts IP as 7.9 days; thus, no appreciable negative MI effects on IP data of T. longipes are evident in this comparison.
From the slope of the R-T relationship of T. longipes (Fig. 1) , a Q 10 of 4.3 was calculated (95% CI: 2.9-6.4). Q 10 values for the oxygen consumption rates for euphausiids in the literature range from 2.0 to 2.4 in E. pacifica (Iguchi and Ikeda, 1995) and from 2.0 to 3.5 for Euphansia americana, Euphansia hemigibba, Thysanopoda monocantha, Thysanopoda obtusifrons, Thysanopoda tricuspidata and M. norvegica (Teal and Carey, 1967) . The Q 10 value of T. longipes from our study thus appears to be much greater than that of other euphausiids, but it is unlikely that this difference is attributable to the inconsistent methodologies in the oxygen consumption measurements, since a Q 10 value of 2.2 has been obtained for E. pacifica (Iguchi and Ikeda, 1995) using the same technique as that used in the current experiment. For a bathypelagic euphausiid Bentheuphausia amblyops, Torres and Childress (Childress, 1985) obtained an extremely high Q 10 (6.4) and interpreted it as a response to extreme temperatures (7.5-9.5 C). Such an explanation is not applicable to T. longipes since their oxygen consumption rates were linear from 0 through 8 C (Fig. 1) , and their normal temperature range in the field is <10 C (N. Iguchi and T. Ikeda, 2004) . For E. pacifica, temperature had a more profound effect on the metabolism (oxygen consumption rate) at higher swimming speeds (i.e. higher Q 10 value) (Torres and Childress, 1983) . Thus, locomotive activity in the course of the measurement may be the reason why higher Q 10 values of T. longipe were exerted; however, further research is required. It is interesting to note that a high Q 10 (3.9) has also been noted for the oxygen consumption by the midwater myctophid fishes (Donnelly and Torres, 1988) .
The NGE-T relationships of zooplankton have been studied in the mysid Neomysis intermedia (Toda et al., 1987) , the hyperiid amphipod Themisto japonica (Ikeda, 1991) and the euphausiid E. pacifica (Iguchi and Ikeda, 1995) . As compared with the maximum NGE of 9-26% (15 mm BL) at 2 C found for T. longipes in this study, N. intermedia achieved the NGE maximum of 70% at 18 C over the temperature range of 3-29 C, T. japonica 19% (effects of molt and reproduction were ignored) at 6.8 C over the temperature range of 1-20 C and E. pacifica 36% at 11.4 C over the temperature range of 1-20 C. The difference in the temperature reflects speciesspecific behavioral and physiological differences among these four species. While the other NGE data are those integrated over part or all of the life history, the maximum NGE and the temperature could vary with size, as indicated by the calculation at 5, 10, 15 and 20 mm BL of T. longipes (Fig. 4) . A gradual decrease in NGE (from 48 to 15%) with the increase of BL is a common phenomenon observed in many animals (Ivlev, 1945) . At the same time, the temperature at which T. longipes attained a maximum NGE decreased from 8 to 0 C with the increase of BL, suggesting that smaller juveniles would achieve maximum NGE in shallower, warmer waters and larger adults in deeper, colder waters.
To illustrate the ecological and physiological consequences for T. longipes, we compared the present results and life-history parameters (N. Iguchi and T. Ikeda, 2004; Iguchi, 2002) for T. longipes with those of E. pacifica (Iguchi et al. 1993; Iguchi, 1995; Iguchi and Ikeda, 1995 , 1999 ) (TableIV). Thysanoessa longipes and E. pacifica co-occur in the Japan Sea, but their vertical distribution patterns are different. While E. pacifica exhibit an extensive diel vertical migration, ascending to the surface at night and descending to 300-400 m depth during daytime, T. longipes undergo a less extensive (being observed at 30-300 m at night and 150-500 m depth during daytime) or no diel-vertical-migration behavior. Apparently, temperature is a major determinant of the verticalmigration behavior in both species; upward movement of E. pacifica is inhibited by temperatures !20 C and that of T. longipes by !10 C. In a given season, the bulk of the T. longipes population is distributed below that of E. pacifica in the Japan Sea. The deeper distribution of T. longipes than E. pacifica has also been noted along the west coast of Canada (Fulton and LeBrasseur, 1984) and in Dabob Bay, Washington (Hovekamp, 1989) .
In terms of body composition, T. longipes is characterized by a lower water and ash content than E. pacifica. Thysanoessa longipes contains higher C and H but lower N as compared with E. pacifica, leading to a higher C:N ratio by mass (5.9) for the former species (Iguchi and Ikeda, 1998) . These elemental composition data suggest larger energy reserves (lipids) in T. longipes than those in E. pacifica and may reflect the colder/deeper habitat of the former. According to Ikeda (Ikeda, 1974) , a large accumulation of lipids in the body of zooplankton is commonly associated with a C content >45% of DW. Elevated lipid reserves associated with colder habitat temperatures have been documented within and between marine zooplankton species (Ikeda, 1974; Båmstedt, 1986) . The lower metabolic rates (R adj at 5 C) of T. longipes versus E. pacifica may partly be related to the larger accumulation of lipids in the body and/or depth-related decrease in metabolic activity (Childress, 1995) .
At present, many zooplankton species have been brought into the laboratory for the study of physiological processes and growth under controlled conditions, but the most successful rearing in the laboratory has involved neritic species, while successful examples of rearing of oceanic and deep-water species are few, and which is applicable to euphausiids . Moreover, the data derived from experiments based on reared specimens are affected by various artifacts due to the difficulties in replicating conditions in the natural habitat. In this study, we could clarify the effect of temperature on metabolism and growth of T. longipes, though there are artificial effects on results which could not be evaluated. However, in terms of comparing two species, using the same method for both species as in this study allows direct comparison since both species are subjected to the same artificial effects during experimentation. In the future, developing specialized tools and techniques will allow researchers to remove potential errors in measuring metabolic and growth rates and it is necessary to accumulate data from rearing experiments on realistic environmental conditions at present. It is anticipated that the combination of field sampling and advances in the technology and technique used to rear marine zooplankton in the laboratory will allow significant advances in the understanding of zooplankton ecology and biological productivity in the ocean.
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